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‘ ¥ITH OLAMPED BDGES - -
By Albert B. McPherson, Walter Ramberg, and Samuel Levy

SUMMARY

A fixture 1a desorlbed for making normal-pressure N
tests of flat plates T inches in dlameter in which partio-
uler care wes taken to obtaln rigld olamping at the edges. .
Besults are given for 19 plates, ranging in thickness from ”
0.0156 to 0,072 inch. The center deflections and the ST
extreme~fiber gstresses at low pressures were found to agree
with theoretiocal values; the center deflections at hligh T
pressures were 4 to 13 percont groater than tho theoretical
values, ZIEmpirical ourves are derived of the pressu¥é for
the beginning of permanent set as a function of the dlmenw
Blone of the plate and the tensile propertlies of the mate~
rial, T

INTRODUOTION . R

The normal-pressure tests of ociroular plates desorided
in this report are part of a program of tests of flat
plates under normal pressure that. has heen carried on at
tho Natlional Bureau of Btandards for tho Burcau of Aoronau- -
tics, ¥avy Dopartment, eince 1937, This program was orig-
inally intended to study only rectangular plates of dimen-
slons and meaterials corresponding to the plating used in
the float bottoms and hull bottoms of seaplanes, The ule
timate purpose of the tests was the derivation of a design
formule or chart for caldulating the thickness of bottom
plating required to resist washboarding due to the impaoct
pressure upon landing on and taking off from rdugh water,

- et

_____

The pressure required to produce washboarding was de-
termined in the laboratory by normel-pressure tests of o
lerge number of reotangular plates clamped at the edges
and of several plates whose edges were free to rotate _ ;
throughout the test, Results of these tests will be the =~~~
subjJect of a subseguent paper, - D s

T . L
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A comparison of the obsorved deformations of tho roce L]
tangular plates with the deformations dorivod from avall- _
able theorlos showod both systomatlc and irregular aiffore~ .

ences, These differences were of sufficient magnitude o  ______ .
make impossible the derlvation of a useful and fairly gen=- n
eral relation for the pressure at  which.washboarding 1n

such plates would become pronounced. It was not posslble -
to determine from the work on rectangular plates alone to —
what degree the differences were due to a fallure to sat-
isfy the theoretical edge conditiong and to what degres
they whbré due to incompletensas of the theory itself, ocs-
pecially in respect to .giving the stresses in the platoe.

It was bdellieved that more nearly i1deal clamnpling oon-
ditions ocould be obtained for ciroular plates. Further- - =
more, it was known that the theory of circular plates
with large deflectlons es dsveloped .by Stewart Way (refer-
ence 1) would gilve a rigorous basis of comparigon with =
the measured stresses, : ' ’

A careful study of the deformation of circular plates

following ¥Vay's theory in the elastioc region, it was felt, =

would lead to a better understanding of the mpchanlam of *

washboarding and might suggest a sunccossful apprcach to the

tosts on roctangular platos. - o=
SPECINENS ' . -

- | ]

Tho %osts inclundod. sovon matorials as. follows (eoco also
tablo 1):

245-BRT aleclad aluminum~alloy shoot 0,0406 to 0.,0632-
inch in thicknoss. . ) . . - . . S

1758-RT aluminumn-alloy shoot 00,0311 to 0.0723 inech in
thicknoss.

1768-T gluminum alloy shoot 0,0309 to 0.0637 inch in ' i —
thioknossa. ) -

Lowwstrongth aluminum-alloy shoot of unknown composie
tion 0,015 inoch in thicknosas. ‘ . v

245-T7 aluminum-alloy shoot 0,0149 andé 0,0184 inch 1in
thiocknoss.

18:8 stainloss-stool shoot 0.0199 inch in thiocknoss, and

EH magroslum~alloy shoot 0.0411 inch in thicknoss
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41l pletes had the same -diameter for the circular
periphery along which they were clamped, that 1s, 6 inches.
The individual plates were 1dentified by letters & to S.
(See table IL.) .

Tensile properties were determined on coupons out both
longltudinally and transversely out of the sheet from which
the plates had beon cut. Palrs of 2~inch Tuokerman opti-
cal straln gages wore used to moasurc tho straine near the
contor of tho tonesile epccimons, Figuros 1 to 7 shartho

rosulting tonsilo stross—strain curvos. Tho yiold strongthe
(0.002 offsot mothod) obteinod from tho stross—straln curvos
aro givon in teblo 1, Only tho magnosium alloy .showod prac-

ticelly tho samo tonsile proportios in a longitudinal and
a transvorso diroction. Tho longitudinal tonsilo ylold
strongths for tho othor matorials woro from 10 to 36 por~
cont highor than tho tranevorsoc tensilo yiold etrongths.

TESTSE

Loading

C e = ——— -

In tho dosign of the fixturo for subjooting clroular
Platos tq normel prossurc partioular carc was takon to ap-
proach tho 1doal ond conditions of rigld olamping along
tho poriphory of tho plate.

4 sooctlonal drawlng of tho fixturo 1e shown in figuro
8, A top viow is givon in figuro 9. Tho plato spoclmon
A (fig. 8) forms the top faco of a chambor 0 to which oil
proasuro is applliod through the linc D; a dummy plato B
of tho somo dlmonsions nnd of tho samo matorial as tho
spooimon forms tho bottom faco of tho chambor., PFPlatos &
aend B aro clampod botwoon tho stool rings B and G and

tho spacor ¥ by forcos aoting through tho 16 symmotrically -

placod clamping bars H, Tho aymmotriocal arrangdélont with
two ldontical platos A and B sorvos to minimigo rotation
about tho circunforonco of the clamping ring ¥ by tho hy-
drostetic load. An approximatoly uniform distribition

of cloamping forcos acting on tho platos was obtalnod, in
e poriphoral dirootion, by tightoning ocach bolt I acting
on tho oclamping bars an approxinately equal am¢iant and, in
a radial direoction, by letfing the olamping bars aot cen-
trally through the orown of the clamping rings E and G,
Metal shims X (fige. 8 and 10) twice as thick as the test
plate were pleoed between the outer end of the clamplng
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bars and the reaction ring L to level the bars H. A serles

of concentrlic grooves 0,01 inch deep and spaced 0,06 1lnch

were ocut in the contact surfaces of the clamping rings B

ind ¢ ;nd the spacer ¥ to prevent slipplng of the plates
and B,

Adn over~all view of the test apparatus 1s given in
figure 1l. 4 hydroatatic pressure up to 600 pounds per
square inch eould bde applied to the plate through tube D
by meang of the hand pump L., The pressure in the chamber
0 was meagured from an in&bpendent pressure  line N by a
standpipe Y for pressures up to 1 pound per square inch, by
the U~tube N 'for pressurgs from 1 to 20 pounds per sequare
inch, by the Bourdon-tube gage V. for pressures from 20 to
100 pounds per square inch, and by the Bourdon-tube gage ¥
for pressures from 100 to 300 pounds per square inch. The
error in redding prossuro wap ostinatod as loss than 0.0l
pound por squero inch in tho caso of tho standpipo, loes
than 0.1 pound por squaro inck in tho ocaso of tho U-tubo,
and loss than 1 pound por square inch 1n tho Bourdoa-tubo
gagos V and W. Approximato valuoe of prossuro abovo 300
pounds per squaro inch wore obtalnod from tho Bourdoa-tubo
2ago X mountod on tho hand pump. .
i Tho loading fixture was proof-tostod by sudjocting a
palr of 0.06-inch sluninun-alloy plates to a prossure of
600 pounds por. square inch. Thie pressuro was sufficlont
to %dish in® the platos far bdoyond tho elastic rango; novor-
tholose, thoro was no sign of elipping at tho odgo and thoro
was only a nogligidlo anount of loakago. Tho prossuro could
bo naintainod with a snall anount of punping after the oreep
due to ylelding of the plate had becone snall,

If glipping is neglected, the principal deviations
fron the conditions of an ideally clanped flat plate are
probebly due to one of the following effects:

A. The setting mp of initial tension (or conpression)
in the plate during the olanping in the fixture.

B, The rotation of the oclanping rings B and G (fig,
8) causod by the bending nonents set up at the poriphory
of tho plate due to tho nornal preesuro.

Ce Tho contraction of the dianotor of tho clanping
rings by thoe nonbrano tonsion prosont in tho plato undor
load.

D, Doviatlons fron flatnoss at no load.
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Tho offoet of tho first threo doviations fron ldoal
condltlions on tho contor doflootion of tho plato 1s dls~
cussod in appondixcs A, B, and 0 and, on tho basis of
thoso discusslions, three "deviation indices" are derlved
for the relative deviation from ideal behavior. Devia-
tione fron flatness are discussed for the speclal case
of initlal bowing into a spherical surface in appendix D.

Bffoct A will cause a decrease in center deflectlon
at low lomds, (wy/h << 1) .given approximabtely by equa-
tion. (A7) in appendix A: )

Aio O’t B-z
- (—2)w1.833 (1 - p?) o (1a)
('ooA 3h

where

Awy, w, = ¥,

conter deflection with a uniforn menbrane tension
gp . due to clanpling

¥o

oo GConter &eflection for 1deal olanmping (o = 0)

Young!s nodulus of plate naterilal

Polsgson's ratio of plate nmaterial

radius of plate

e T H

thickness of plate

—_—— ;. .

Bffect A causes a deacrease 1in center deflection of an
elastic cirgular nenbrane {i.e., circular plate with large
deflections before ylelding) given approxinately by equa-
tion (A31)1 - - -

Awo) l-po; &
-(—=2) = — — (1v)
<' 28 2 Yo ’

00 4

that 1s, the effect deoreases inversely with the square of
the center deflection. )

Effeoct B will cause an lnoresse 1in center deflection
given approxinately by equation (B10)
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ARRS )
(;:il 8 (1 - n®)a 3 (2

whero -

A rotation of clamping ring dus to unit moment per unit
length of oclamping edge

Bffeot O will ocause an increase in center defleoction.
If tho plate behavos like an olastic mombrano, this incroaso
is given approzimatoly by oquation (014)

) 1 nhlu (2)

whora

K sppolflc contraction of diamotor duo to unit rpdial
force per unlt length along clamped edge

The effect D will generally cause s change in center
deflection of the plate as an elastlc membrane. It hae
no effect on the deflection dua to bending which predomi-
nates in the Kirchhoff range (wo/h << 1 If the plate
1s initlally bowed into a epherical surface with center
deflection wy;, the increasec in dpfleatlon as an elastio

membrene (wy,/h > > 1) 1is given approximately by (Dé6)
4"0) _22,-2‘_'#59. (4)
3 wo 3 h

Initial bowing into a epherical surface will have a small
offoct on the deflection as an elasiic momdbrans, providod
that tho initial centor doflection ie small comparod with
tho thloknoss of tho plato. It ie boliovod that this con-—
dition was satisfiod by most of tho plates tostod. Tho
ostimatod initial contoer doflooction 1e givon in tho last
column of tablo B. It wes loss than 10 porcont of theo
plato thloknoss oxecopt for platos X, M, 0, P, and R.

Tho sprling constants A and x aro charactorletiocs

of tho tost fixturo. Thoy woro dotorminod oxporimontally
ag doscribod in appondixos B and 0 with tho rosult

A= 1.3 x 1077 (ﬁ;)
K= 3x10°® (%%)
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Bubstitution of. these velues ih (2) and (3) gave the
values of (——3) (——9) l1isted in table 3. The
0‘g

effeoct on the center deflection is less than 1 percent 1in
every sase, It may be concluded that the fixture provides
a close approximation to rigig clampling.

Two methode were used for computing the relative 1in-
creage in center deflection (la) due to membrane stresses
set up by the oclamping procedure. In the case of platos
with thickness above 0,04 inch, tho deviation {la) was
computod as outlined in appendix 4 (d1socussion of equation
(A23)) from tho initial elope of the deflesctlon-pressure
ourve and from tho known valuo of. A. A different proco-
dure was applled for plates of thiockness less than O. 04
inch because accurate values of initial slope were mnot .
avallable, In the case of these plates, the effects B and
0 were neglected and (la) was taken as the devi:tlon from
the theoretical defleotlon according to Way'!s theory for
an ideelly clamped circular plate (roferenoe 1), The re-
sulting deviations in the Xirchhoff range wolh.< < l)
ore shown in the third column of tobdle H.. Thoy rdnged
from ~48 porcent to 5O percont. Tho deviatlion was less
thon 10 percent for only 8 of tho 19 plates tostod. Tho
fermula indicatod en initisl tension (Awgy/wgo), < 0 in
13 platos ond an inlitianl comprossion (A'o/'oo) >0 1in

3 platos.
Dorlootlon . ' ) .

The deflection of the plates was measured relative to
the. "gtrain free"' circular reference frame A4, (fig. 13)
by means of o dial micrometer 3B,. The hellocal plunger
spring was renoved from the dial so that the force on the
plate wns little more than the- weight of the plunger and
ball-pointed extension, The dial was mounted so that 1%
could be locoted clong any &ilametor in steps of 1/30 inch
by means of the circumferentiaglly notched bar H; 1in tho
V-notched support I, and indexing rings G, and @3,
Tho outor ring G was supportod on threo posts D, By,
¥, +that rostod on stoel balls whose sockots constitutoa
2 point-line~plane support,

Tho smallost subdivieion on tho dinl gago indicatod
1/1000 inch, Roadings on a givon plgto could bo ropoatod
within this value, Tho error in roading ocausod dy tho
fact that tho support points of tho reforonco framo woro
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et D,, By, and ®» (fige. 8 and 12), instead of at ‘the :
rim of the plate was estimated by observing the defleo-
tion of the rim with increasing pressure, 4 deflectlion of
less than 1/1000 inch was observed on an 0,050-inch alumi-
num-glloy plate at & pressure of 300 pounds per aquare incH.

As the pressure increases, the shape of the deflected
surface changes from that typlcal of a heavy clamped plate
with zero slope at the edges to that charascterigtioc of a
thin skin, Thie transition is brought out clearly in the
plot of figure 13 giving the ratio of the measurdi doflooc-—
tion to-the conter doflection for Plate M at prossuros of
2. and of 30 pounds pdr squaro inch. _ - .

In the cass of most of the circular platos tostod only
tho variation of contor doflooctlon with prossuro was moas-
urod. A4ftor ovory sccond or third roading of contor dofloo-
tlion, tho prossurc was roducod to & low initial veluo and.
tho pormansnt sot at the-contor was moasured. Figures 14
to 30 show- curves of total dofloction and of pormanont sob
at tho contor obtainod in this mannor for the 19 platos

tested,

At low loads tho center deflection was found to 1n-
orease directly with the pressure; 1t inocreased more slow-
ly as the membrane stresses became important and it ap-
proached a linear wvariation with pressure as ylelding in
the plate became pronounced. The permament set at the cen-~
ter increased at an increasing rate and, except for plates
0, P, §, and B, approached a stralght line that was noarly
parallel. to the asymptotic straight line for the total de-
flection at high pressures. Tho interscction of the first
stralght line with the horiszontal axls definos a proessure
that has boen suggostod by Oommandor BR. D. MacOart as a
oconvenloent measuro of ylelding in the plate. This prossuro
is roforred to as tho *Navy ylold prossuro.” Tho pormanont
sot corrosponding to thies prossuro was found to rango from
0.002 to 0009 inch, ' Tho Navy ylold prossurc was in no
cago groator than tho prossuro corrcsponding to a pormanont
sot of 1/500 tho dlamotor of tho plato (0,0l in.). This °

ressure end the pressure for a set of 1/200 the dlameter
0.026 in,) are also given in tadle 1.

Strain

Burface stralns were measured on the 0,033-inch 178-T
aluminum-alloy plate M with l-inch Tudkerman strain gages
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Placed directly on the surface of the plate (fig. 21). The
straln readinge were oorrected for the apparent strain due
to bowing of the plate between gage proints by adding a tern 3

(—:f where 1 4is the gegze length (1 in.) and r 18

the everage radlius of curvature of the plate betwesn ga
pointes (obtained from the deflection curve of tho plato

4 dorivation of this corroction will be fouhd on pago 7 of
roforonco 2,

Iiguro 22 shows the average radial strain ovor a le«
inch gage .-longth at a point 1.5 inchos from tho conter oF
tho platc as a function of the pressure for a diameter 1n
the direotion of rolling and a dlameter at right angles to
that direction., The strain in the direction of rolling
vas found to be consistently smaller than that across the
direction of rolling, the difference between the two reache
ing about 6 percent at high pressures. :

The surface straims shown in figure 33 are_average val-
ues over s gageé length of 1 inch, that is, over a lengt
that was 40 percent of the radius of the plate. Iocal
values of radial strain on anothor 0,033-inch 178-T aluminum-
alloy plate M! were obtained within the elastlic range by
measuring average stralns on overlapping gage llnos arnd then
applying the relations dorivod by Groonspan {roforence 3)
for dotormining a funotlon from a sot of measured moan val-
uwos of that function.

Flguro 33 shows tho dlstridution of radial surfaco
strain in tho plate for a numbor of proseurce within tho
olastic rango. The curves show that, with increasing pres-
sure, the point of inflection marking the transition from
tenslle to compressive strains moves toward the edge of
the plate.

Strains over a O.l-inch gage length at the center of
the plate on another 0,032-inch 175-T plate M" were meas-
ured by a Helsse transfer {(reference 4? combined with a 1-
inch Tuckerman stralin gage. The results are showzn in filg-
ure 24, .

Filguresg 22 and 24 both show that the strain. like the
center deflection, inoreased at a decreasing rate as tho
pressure was increased up to pressures sufficlent to cause
conglderable ylelding of the material; from thie poiInt on
the straln incroascd more rapidly.
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ANALYSIS

Deflestion

The shape of the curve into which an elastic plate is
deflected by normal pressure changes continuously as the
Plete passes from a condition where practically all of the
load 18 carried by bending to one where praotically all of
the load 18 carried by membrane action. The ratio wy/h
of center deflectlion w, to plate thicknesse h oan be
used as 2 parameter to describe the -change in shape of the
deflection curve. If w,/h < < 1 the deflection 1s that

for a Kirschhoff plate with clamped edges (e.g., reforonce

- b 5

wvhilo 1f w,/h > > 1 the defloction is that for a thin
skin whoso shape is according to Honecky (roforenco 6). for
p = 0,32

v T8 4 ré r®
-;;- 2 1 -0,886 -;; 0,088 F =0,020 -;? -0.006 ;; cens (6)

Tho dofloctlion curvos corrosponding to thoso two ox—
tromo casos arc shown in figuro 13, togothor with oxpori-
montal valuos for a platoc without appreclablo pormeanont
sot at tho contor and with ratios wg/h = 0,73, wo/h = 3,13.

Thoro will be & furthor changd in tho shapo of tho do-
floction curvo as yiolding bocomos approclablo. ,If tho
Yiolding 1s localizod noar tho ocdgo of tho plato as in a
rolativoly thick plato (h/a > 0,035), tho shapo of tho
doflooctlon curve will approach that of a plato with frooly
supported edges (see roference 5, p. 57):

g 4
X =1 -1.245 I 40,345 Ip (7)
wo a a

In a very thin plate the ylelding will quickly spread over
the entire plate, which will then tend to go into a spher-
1ocal surface like a membrane under constant teneion. The
shape of the defleoctlion curve is given Ddy:
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2
- W Ir . :

Both these curves are showh in figure 35 together with ex~-
perimental deflectlon curves for a thlock 175-T aluminum-
elloy plate (h/a = 0.0356, wo/h = 1.313) and'for a thin
Plate of the same material (h/e = 0,0128, wo/h = 5.01).
Most of the pletes testsd for the present investigation
approached the condition of a.membrane described by egua-
tlon (8) as the pressure was increasod. .

The relation betweon conter defloction and prossurc
for an olastlc plate of moedium thicknoess with clampod
odgos has boon investigated by approximate mothodse by a
numbor of authore. Nadal (roforence 5, p. 297, equation
(57)) derived tho rolation

Reomm () -SEQ a-wn

by solving tho difforential oquatlion for a plate with largo
dofloction subjootod to a noarly urniform pressure distridu-
tion, Timoshenko (reference 7, p. 319, equation (319)) de-
rived

3 .3 L .
:h‘-’-+ 0.488 T?) “E%G) (1 - p®) (10)

on the basis of an assumed radial displacement Sombined
wvith energy considerations. TYederhofer (reference 8) de-—
rived ' ' T

wo o (19 = 9p) (1 + n) (woN 3 p (a) 2
e () -3 @) a-vh o

from the differential equation of the problem together with
a sultable assumption for the radlal distridbution of mem-
brane tension. Yor p = 0,3 the coefficlent of (wy/h)
becomes 0,529, which is between the correspondlng values of
equations (9) and (10). A procedure analogous to FBppl's
solution (reference 9, p. 2330) for the center deflection

of a rectangular plate fappendix E) gives :

fhi . 0.588 C-;—°>s-= -1?-6- % C%)‘ (1 - ™) (12)

Boobnov (reference 10) solved the differential equation



13 . NACA Technical Note No, B48

of a oircular plato of modium thickness with oclamped cdgos
upon the assumption that the membrane tension is constant
throughout the plate. An "exaot® solution of the differen-
tial equation for a circular plate with clamped edges was
£irst obtalned by Stewart Way (reference 1l). W¥Way's solu—
tion as well as the approximate solutiong (9) to (13) and
Boobnov'!s solution are shown graphically in figure 36 for
the special case p = 0,3, The six curves differ from
each other less than 6 percent, Observed values of ceanter
deflection are shown as open polnts for pressures at which
the permanent set was less then 1/500 the diameter of the
plate and as s0lld polinta for greater preesures.

It 18 seen that the experimental defloctione consiste
ently excesd the theoretical values by 4 to 13 percent for

pat/Bnt > 15, At low pressures the theoretical curves and
the experimental points arc in agrcemont.

Stresces

The streasses in a circular plate with clamped edges
under normal pressure have been evaluated from the theory
by Way (refersnce 1) for center deflections up to l.2
times the thisckness of the plate., . An extenslon to greater
values of wgy/h seemed desirable since some of the plates
teated at the National Bureau of Standardes (e.g., plate K)
were gtill noearly elastic, that is, showed negligible per-
manent set, at wo/h = 4. It was decided, accordingly, to
oxtend Way's solution, but this oxtonelon was not carriod
beyond w /h = 1.5 bYocauso of tho oxcossive amount of com—
putation gnfolvod. :

It appoarad noocossary to rosort to ono of tho approx—
imato thoorios citod in roforoncos 8, 7, 8, 9, and 10 in
order to ostimato tho strossos for wgo/h > 1.6, Exanlna-
tion of these approximate theories showed that only ¥adai's
approximate theory gave stresses in close agreement with
the values given by Way's theory. This result was to be
expected since Nadal's theory 1a the only one of the ap~-
proximate theoriss that gives & solution of the differonw-
tial equation for a plate with large deflections. It dife-
fers from Way's solution only in assuming a convenlent dut
not quite uniform pressure distridution while Way solved
for a strioctly uniform proessure.

The caloulations by Nadal's theory were aoccordingly .
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extended to values of wo/h = 4, (At wy/h = 4 the assumed
pressure deviated from ite average value about 35 percent

. at the center and about 5 percent at the edge.) The result=-
ing pressure deflection curve 1s shown as curve ¥ in figure
36. It agrees with those given by equations (9) and (13).
The extreme~fiber bending streseses and the medlian-fiber
tenslle etresses in a radlal direction for the center of
the plate and the eadge of the plate are plotted agalnst tho
centor deflectlon in figure 237. It is evident From figuro
37 that ¥adalls and Wey'ls thoorios arec in good agreemont,

The plate with large deflection Just as the EKircEhoff
Plato 1s most highly stressed along the clamped edge, the
maximum radial stress beingsbout three timea es large as
the maximum stress at the center for w,/h = 4, The medlan-
flber tension at the center exceeds the extreme-fiber bend-
ing stress for wy/h > 3. At the edge the extrémé-fiber
bending stress is more than five times as ‘large as the me-~
dian-fiber tenaion even for wy/h = 4.

Badial stralns ¢ ©Oalculated from the stresses ac-

cording to Weylse theory and acoording to Nadal's theory
(fig. 37) by eubstitution in

€& = %'(Ob - b Oy)

where o, 18 the radial stress and Op the tangentlal

stress, are compared wlth moasured stralns for plates X!,
K", in figures 23 and 24. The theoretlcal atralne ex- '
cesded tho observed strains for plate H!' and they were
less than the observed straine for plate MNP, [The dlffer-
ences may be due to differences in clamping conditions.
Ourves of conter dofleotlon agailnet pressurc from which
such differonces could be ostimatod woro not obtalned for
thoeo two platos bocause tho strain gagos intorforod with
.moagurement of tho centor deflection, '

Permanent Set

Theoretical values for the pressure at which permanent
set at the center became noticeable were derived es follows!
It was assumed that the beginning of permanent set would be °
assoclated with ylelding elther along the edge of the plate
or at the center 6f the plate and that this ylelding could
be computed from the theoretical stresses upon the assump-
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tion of the von Mises-Hencky theory of plastic fallure. Ao~
cérding to this theory (reference 11, ». 7?3) plastic action
will bpgin under the action of principal stresses 0O,y Oge
O3 when. _ . . . . T -

3 ) s 8 -] .
(0p = )" + (05 = 0)° + (05~ 0)) = 2q°  (18)
vhere oy 1is the stress at which plastic action begins in
simple temnsion, - -

At the edge of the plate
. gy m Opgy Oy ='o¢°'q_pci’, Oy = 0 (14)

vhere

Ore extreme~fiber etress in radial direction at edge
of plate on concave side

o¢° extreme~fiber stress in tangential direction at
edge of plate on concave slde

The value of Ope muat be equal to pope #since the tana
gential strain (Ope ~ KOre)/® 1is assumed to be rero for

?erfeot clanping. Bubstitution of squetion (14) in equation
13) glves with . p = 0.3

O e 21,12 @

. (15)
re .
R R v
.It followse that
’ oy ad Oype 8% . .

Acocording to figure 27, E L% 18 a funotion of tho cen-

ter defloction ratio wy/h and hencs, acoor@}ng to fig-
ure 26, a function of tho presguro'rat}o %-ﬁr. Tho ro~-

o
sulting relatlon between. 1}-%; and %%r +1s plotted as
curve A to log-log scalos in figuros 38, 39, and 30.

Tho theoretioal-prospuro for yiolding at tho coator
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may bo computed in an analogoms manner, Tho prineipal-
strossos in tho plano of tho plate arc oqual at tho conter
gso that oquation (14) should bo roplacod by i

Oy = Opyy Og = Opgy Og° = 0 (17)

where Or, 1ig the eisdtreme~fiber strese in a radlal direo-~
tion at the center of the plate, on the convex side, Bub=
stituting of equation (17) in (13) glves, in place of
equations (16) and (16)

Oro ° Oy

2 2
%x & _ %po & "(18)
B n® B k¥ Tt T

a8 at
The corresponding relation between %f-zg and %ET

is shown as curve 3B 1in figures 28, 29, and 30,
A comparison with the experimental yleld pressures
given in table 1 was made as follows: The stress Oy

that 18, the stress at whioch plastic action begins in ten-
sion, was replaced by the average of the conventional
tensile yleld strength in a longitudinal direction and in
a transverse direotion (tadle 1). The pressure for the
beglnning of plastic action was replaced by the Navy yleld
pressure in figure 28, by the pressure for a set at the
canter of 1/600 the diametor in figuro 39, and by the
prossure for a sot at tho contor of 1/2300 tho diemoter in
¥4 guro 30, . .-

Tho obsorvod pointe for tho ocight 175-RT platos fall
closoly on a singlo etralght lino. If tho obsorvod polnts
for tho othor platos tostocd aro aleo iRcludod, thoy may all
bo roproesontod approximatoly by a straight lino O that lios
botwoon tho thoorotical curvos for: ylolding at tho odgo
(curvo &) and ylolding at tho contor (ourvo B). ZExamiga~ _
tion of figures 28 to 30 ezdwe that for valuocs of Oya /Eb
up to 80 tho 1lino 0 givos tho moasurod Naevy ylold prosdurcs
within f43 poroont, tho prossuro for a sot at tho contor of
2a/600 within 134 percont, and tho prossuro for a sot at tho
contor of 2a/ 200 within ¥43 porcont. '

4 largor ecattor was found for tho vory thln platos
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(0y2"/8n® > 80) in which the initial tension due to clamp-

ing and the deviation from perfect flatness are likely to
be largost. A largo scattor is to bo expected because of
the use of the tsnsile yield strength as the parameter char-
acterlizing the beginning of plastic action of the material
in the plate., Thie result leads to a partlcularly large
error in the case of the alolad materlial, in whioh yleld~-
ing on the surface of the plate may take place at rela-
tively low pressure, although the "average® yleld strongth
as detorminod by the tensile test nay be rolativoly high.
This viow is supportod by a comparison of tonsilo yleld
strongths and prossures for ylelding (table 1) for tho
245-RT alclad platos and tho 178~RT aluminum-alloy platos.
Tho tonsilo ylold strongths of the 175-BT matorial aro
about 9 porcont lowor than thoso of tho 248-RT alclad ma~
torial and yot the 178-RT platos havo ylold prossuros that
excood thoso for tho 348-RT alclad platos by amounts up to
33 porcont, .

Anothor doscription of tho oxporimontal data in filg-
uros 28 to 30 was obtainod by making usc of tho oxpori-
montal rosult (fige. 31 to 33) that tho ylolding bogan .
whon tho contor doflootion of tho plato roachod a valuo
which was roughily indopondont of tho thicknoss and of tho
matorial of tho plato. This valuoc was about 0,11 inch for ’
tho Navy ylold prossuroc (fig, 31), adbout 0.12 inch for tho
prossuro oorroaponding to a sot of 1/500 tho diamotor (fig.
32), and about 0,14 inck for a sot of 1/300 tho diamotor
{fig. 33).

Tho forogoing oxporimontal rosult may do mathomatically
oxprossod by saylang that ylolding bogan whon tho ratlo

w
;? = const - (19)

Ixamination of figuro 27 indicatod that a rolation of
this typo should hall approximatoly at largo contor dofloo-
tions both if tho ylolding ie assumcd to bogin whon tho
modlan—fibor straln at tho sontor roachos a coritical valuo .
and whon tho oxtromo-~fidor bonding strain at tho odge
roachos a oritical valuo, .

A rolation botwoon yiolding prossurc and plato thioke
noss may bo obtainod by insorting equation (19) in tho rola-
tion between pressure and contor deflection, This contor-
dofleoctlon rolation 1s, according to.oquations(ﬂJ to (13),
of the gonoral typo ) RS A

—— ————r—rr
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% s Ik, e)‘ [-'—1'19- + ¥, (!}f—j] (20)

whore k; and kg- aro constants. Elimlnatlion of wy
from (19) and (20) givos tho desireod relation:

NORNG) @)

whoro k; and k, aroc again constantse. A determination

of these constants by least squares to give the best fit
to the observed values of p/E gave:

Yor Havy yleld pressure
3

‘10 2 w 1.953 (100 E) + 0,274 (100 E? ' (23)
z 2 Y
For pressure at set = 2a/600
. .
1® 2 . 3.78 (100 5—) + 0.226 @.oo E) (23)
B -3 a
¥or pressure at «et = 3a/300
e P b BN ,
10° T = 4.45 (100 'E) + 0,190 @oo -a:) | (24)

BEquatlons (32) to (24) are shown together with the
obgerved points in figures 34 to 36. The scatter is of
the same order as that for the more rational curves glven
in figures 28 to 30. )

The principal difference between straight lines O 1in
figures 368 to 30 and the empiriocal relations (23) to (24)
1s that the empirical relations do not involve the yleld
strongth of the matorial. Their applicability to the pres—
ont serios of platea is explained by the fact that the’
strain deflned by 0?1311?5 is roughly constant, aboul

0,005, for the matorials investigatod (tadle 1). If the
polnts for platos O and 8§, which bad valuos of Oyio1a/B
of about 0,004, are omitted, the scatter 1s reduced. It 1ls
safer to use the stralght lines O (figs. 28 to 30) in

the cases where oyje13/B differs greatly from 0,005,
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The points for plates H, N, 0, P, Q, and B that had
deviation indlices greater than 20 percent according to
table 2 are labeled in figures 28 to 36 for comparison
with the pointg for the rest of the plates., It will de
notlced that the scatter of poilnts about a common ocurve
would have been reduoced by leaving these polints out of conw
sideration,

Natlonal Bureau of Standards,
Washington, D. 0., October. 10, 1941.

APPENDIX A
DEVIATIONS FRON IDEAL OLAMPING DUE TO INITIAL
TENSION (OR OOMPRESEION) IN PLATE

b ]

The plate may be in a state of initial tenslon or comsw
Presglon due to the clamping procedure or due to differon~
tial oxpanslon as the resulbt of. temporature ochanges.

Initial tension will lower the doflection of—+tho plate
in tho Kirchhoff range, that 1s, at sufficiontly low loads
to mako wy/k > > 1, by en amount that may bo ocstimated
from Nadails analysis of a plate under normael prossure P
and undor a uniform comprossion of n wunite of forco por
unit longth of circumference, The deflection at a point a
dlstance r from the center of auch a plate is, accord-
ing to Nadail (reference 5, p, 355):

v = pa® {2 [3o(ar) - T,(aa)] e 22 (41)
4a® ¥ a.a J,(ca) a®
where
P normal pressure
a® n/M
¥ flexural rigldity of plate [®h3/12(1 - p®)]
E Yo;ng's modulus of plate material
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B Polsson's ratlo of plate material
h thickness of plate

and J, and J; are Begsel functlons of the firat kind
- glven by the series expaneions: T

To(x) =1:..1_‘_,(:) 2 (‘ 2 (%)°+... as)

Ja(x) -y [1 - E§§'(=) 1x2x2x3 <E) '] (as)
Bubstituting . . :
a® = - %; = - Eif- o (44)

vhere g 1s the initial memdbrame stress, in (Al) and

carrylng out the geries expansions (A3) and (A3) leads to
the followlng epproximate expression for the defleotion
in the Xirchhoff region:

. rd
pat
- - 8 ') .L5)
64N [( 1) ](
- The center deflectilion is

= w(0) = %:—% 1 - 72 —-L-) (;25)

Yo

If Yoo denotes the center defleotion in the ldeally

clamped plate (né = 0) the relative increase in center
deflectlion due to initial tension is given by

8 . 32
( ) _9_._sm - - 1; i Al =~ 1.833 (1 - 1) g{;—( )
. - (a7

The relative increase in radlal bending moment at
the edge of the plate due to the tenslon ng may be cal-—
culatod from (A5) as follows: The radial bonding mozent
at any polnt in the plate 1s (referenmce 5, p. 57):

2 . .
me () "’"(:;-w*%i: (a8}
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Substituting (A5) in this equation givest

3 ] ] 2
ne(z) = - §:—{-.4c1+u> + 4(am) Tz - Tl [~ stz
. + 9(s+p.) '- 12(5+) %1} (A9)

The radial bending moment at the edge 1is

2y = mp(a) = = 220 [1 el (15 +-8m) —L-J " (410

and the relative increase in radial bending momeant over the
bending moment my, for an ideally clamped plate (ng = 0)

becomest

Ama my
=_-1-_(13+3)T (A11)
- Boo Bao 3

The effect of the initial tenelon 0y in decreasing

the center deflection at high pressure for whioch the plate
approaches the condition of a circular membrane is given
approximately by substituting o, in (04): _

3
pa . Al3
Vo = o= (413)
where -
O = Oy + Og - ' : (413)

is the membrane stress in thenglaté at the defléction con=
sldered, consisting of the membrane etrose o -due to the

deflection w, at the centor, and tho initial tonsion. 0y.
The relativo incrocaso in contor dofloetion ovor a mombrano
with zoro initial tenamion is thon glvon by

(A14)

An approximgto valuo for tho mombranc tonsion o, 18 ob-
talnod, by conslidoring tho mombrano to-dofloot into a sphore
lcal surfeco. This surfaco colncides, for ratios

vo/a < < 1, with tho parabolic surfaco
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v = v, (1 -E;) o (a15)

The bowlng will sot up an a."r_.ora.ge tonsile: strain

- a . .-- . -
cva-:;' f (d.l-d.::)g:l [ (,/aw® + ar® - ar)
a a [} . .
Tr=0 ) . r's0 .
a s .
1 aw\? "2 ¥
[ @ et we
[

This strain corresponds 50 an average tensile strees

3 X w 2

Oy = — 2 o . (A1)
v “%21-un a .
In particular
8
2 B Vi .
(e 3 2 - -_—— (.Ll&)
© "B 1L-pn ab .
so that
w,\8 Aw
Oy = Op v°) = O, [1+'°T (A19)
00 oo

Bubstitu.tm.ptthg.a expression in equation (Al4), essuming
that (Aw,/weo) < <1, glves an equation thet may he
solved for Awy/w,, with the following result:

Oy

Aw . ' .-
L) T2 e ——-—. " ¢ e - (__Aao)
Yoo 30’0 + U't . .

Substitutlion of (A18) in (A230) givest

Aw ] 1 : 1 Og
el - — E ez (1 -p) = (A21)
Yoo 1 + _2 B -wg® 2. - B wo?

l-p.ata.

The relatlive sffect of the 1nitial tenslon on the center
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deflection decreases with the inverse esquare of the center
deflectlon.

‘An estimate of 1, .= oyh was obtalned from the ob-
served inltial slope w,/p of the curve of center defloc~

tion against pressuro upon the assumption that thls slope
would Ve oqual to that for an 1deally clampod plate ox-
copt for ‘the correction due to rotation of the clamping
edgos and due to tho initlal toenmsion. The 1anitial tonsion
per unlt length =ny; 1s thon from (B16):.

72 " 4NF 64F w X
- (1 - =2 423) -
e
1l 1 a a. P a ) (

vhere w,/p dezotes tho measurod initial slopo of the
curve of bonter defleotlon agalnst pressuro.

The values of g dorivod from (A32) woro substitutod
in (47) to give tho doviation indicos (Awy/wgy), that aro

listod in tadle 3. .
APPENDIX B |
DEVIATIONS ¥ROM IDEAL OLAMPING DUE TO ROTATION
OF CLANPING RING

RBotation of-the olamping rings B will havo tho
groatost porcentago effoct on tho doformatlion of tho plato
at _low lodde for which tho Kirchhoff thoory holds. Tho
offoct bagomos negligidblo as tho pleto approachos tho oon-
dition of a mombrano at high prossuros.

The defloctior w(r)} of a circular plate clampod in
toreionally olastlic odgos may bo consldorod as tho rosulte
ants

w o= +owy . _ (81) -

¢f tho doflectlon w,; of a plato with riglidly clanmpod
cdgoa (roforoneco 5, pp. 56-657)t

v (z) = gah (a® = %) (23)
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and of a plate with simply supported edset&

o, .

volzr) = W[(E'l'u) et -3 (5415) a® % & (1) r‘J

B3)

where

'.- [N

P partlial pressuro required to produca de!leotion v,
Pg pertlal pressure required to produce deflection 1wy

"a total preseurs (py + pa)

The pressure p, will prodﬁoe a radial hending mo-
ment m, per unit length of olamping edge!

n, = mp{a) = - pz:' . (34)

vhich will cause a rotation of the clamping ringl -

AP.&

5 (B5)

g ' T Amg =
where

A rotation of clamping ring (radlans) dug 'to unit moment
per unlt length of clamping edge

The rotation of the clamping ring (B5) must be eoquel to thc
slop? o§ the plate at the olamping edge, vhich 1is from (31)
and (B3)t

Pna?

14+p)X
1 - ) .

where primes denote differentiation with respect to r.

vi(a) = wii(a). + vigle) = w'g(a) |- (B6)

Betting this e:preasion aqual to ' (35) glves:

P, (1% u) AR - (37)
Pi . . &

The center deflection becomes with (B3) and (83)

g = w(0) = w,(0) [i'.;v.(ﬁ'+j) A n] - (m8)

a

" — = e
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The. center deflection ¥oo for'rigld clamping follows from
(B8) with A = O. The rolative increaso in conter defloow-
tion for a glven total prespure p = Py + P 18, thero-
fore: : )

ar
(.ﬂ_-"-g - —‘!2- - 1l = & (39)
Yoo . Yoo 1 + (1+“) La'!

for sufficiently small values of A (%F'< < 1), this ex-
Presslon i1s approximatoly:
Av, . AAT AEhL3

- e (B10)
Yook = & 3 (1=p"da

The bending moment at tho-edge is from (B4) and (B7)

L 3
8 P, + p,

o.2e® [ (1m)AE/a
8 [1 1+ (14p) A ll'/a.] (321)

and tho relativo incrocaso in bonding momont over the momonth
m,o for rigild clamping (A = 0) ie:

Ama 'ﬂ - (1+H)AI/& . . .
(’_"-;;)] -1 + (L4p)A ¥/a -(312)

or for AN/a < < 11t
.A_.ma)B = - (1 + p) —?— (313)
"ao - - :

Tho spring conatant A was dotorminod oxporimontally
as follows. A palr of rolativoly thick aluminum-alloy
platos (h = 0,0637 in,) worec clampod in tho tost fixturo.
A 8ot of small prisms (M, " flg. 10) woro thon fastonod %o
tho clamplng ring to moasuro the rotation of tho olamping
ring out of a horigzoantal plano, by moans of a Tuckorman
autocollimator. Normal prossuro was &appllod to tho plato
and both tho rotation W'y of tho prisms and tho contor

doflootlon w, of tho plato woro moeasurod at a numbor of
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pressures pPp. The resulting volues were found to inorease
linearly with the pressure so that o straight line could
be drawn through the points., The slopea Wy/p and w'g/p
of these two stralight lines were used to deferimine A as
followes

If 1%t 18 assumed that the plate behaves like a riglidly

clemped Kirchhoff plate except for a uniform initial ten
sion n; and a rotatlon of the end clamps, the slope of

the curve of center doflection agalnst pressure curve ls
£lvon Dby

¥o _ ¥oo * (Awo)y * (Aw)y ¥, [1 v (o) . (—A:—‘?- ] (314)
7 P P Yooh

wvhore (Aw,/w,,), denotes tho doviation for initiel ton-
slon (A7) and flvolvoo the deviation for rotatiom of

the clamping rings (310). Substituting those deviations
%ogetho§ with the confter dofloctlion for the clnmped plato
soo B2

Woo = %%%' (B156)
£ivos . .
v 4 r* 11 n,a®  4AX . ]
_0.,__"_[__.“ + (BL6)
P 64K 72 ¥ o .

for tho initial slopo of tho curvo of contor dofloctlion
agalnst prossuro, Tho initianl slopeo of tho curvo for rota-
tlon of tho clamping rings egalnst prossuro is givon by

wi(a) An

1
¥ia

P » D

whoro o, is tho radial honding momont at tho odgo of tho

platoe Thls oxprossion may bo writton in unalogy to oqﬂn—
tion (B14) as '

%2 . Ba [1 . ﬁ::l _+(§Z.3.)B] . (18)

vhere (Amg/myq), 1s tho relativo incroaso in cdgo bonding
momont duo to initial tenslon givon by equation’ (Lll) and

= o — __(B:.'?)m
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(ma/mao)g is the relative inorease dues to rotation of—the

edges glven by egquation (Bl2). Hubstituting these values
in (B18) gives: .

Am = AN
S Y .__ 3 A B
._PA =2 _é_ 1 o+ (13 + 3p) _’9!— (1+p ] (B19)

Bliminatiox of =n, £rom equations (B16) and (B19) gives
the following equation for A:

wig . _ Aa? [1 + — (13 + 3p) (1 - 6“"2) 5""'7“ 7‘"] (830)
P 8 ] a

Moasurements for plate 0 ggve

3" 000350 ou in./1% and < =" 1077 sq in./1nh

Substitution of these values, together with the constants
a = 3.6 fnches; h = 0,0637 inch; B = 10,5 X 10° pounds
per square inchy and # = 1/3 = in equation (B20) and
solving for A gave

A= 1.3 x 107 (1p™%)

APPENDIX O
DEVIATION ¥YRON IDEAL CLAMPING DUE TO RADIAL
CONTRAOTION OF OCLAMPING RING

Tho olamping ring will contract undor tho action of
tho memdrane tension set up in the plate at high pressuros,
and thie contraction will reduce the temsion in the plato
and wlll inocrease the conter deflection corrosponding to a
glvon prossure, .

An approximatec estimate of this effoct was obtalned
by roplacing the platec by a memdbrano undor uniform tonsion,
whilch bulgoes into a sphorical surfaco with contor defloc—
tion w,. The doflooctlon of thoe membrano at a dlstance T

froy tho contor 1as "then

v om oW, (? - i;) (o1)
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The curwvature of the membrane is

. a '
%=L"=-?Ig | ~ (02)
a

FTor equllibrium between the uniform tensile stress o Iin
the plate and the extarnal presmure p (reference 13, p.

51l)s _ —
-
g = E-E = -———-pa' (os)
2h 4w,h

-so that the center deflection.is given by

- Ba? 5
Yo = 4ho -ﬂﬁ?)_ -

The membrane stress will ocsuse an elastlic contraction

of the clamping ring given by —

go-aaaono'h (05)

where K 1lg the specific contraction along the diameter
of the membrane due to unit radial tenéion per unit length
of clamping edge.

The center deflection w,, for an 1ldeally clamped
pla¥e of thicknesa h and of radius gudb Jected to
preseure p 1s, acocording to equatlon 204

Plo A (086)
‘"oo 4h0’°

The correctlon in ocenter defleoction 1s, therefore,

e L DN (o)

The membrane stress o 1s related to the membrane syra;n by

B os
O"I-:—“-( ( )
The value of ¢ 1s glven by correcting egquation (A16) for
the change ln etraln K h O due to contractlon of the
clamping ring:
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¢ =z ——) -kho (09)

Subetituting (09) in (08) ana solving for o glves

o nl (010)

. | eyt (G

The stress Oy for a rigidly clemped plate is derived from
(010) by making x = 0. It follows that

PG @Y @) - ow

The ratio a/a, is, from (05)

a/ep = 1 - gho : (0123)

Bubstituting (011) and (0123) in (G?), expanding, and neg-
leoting termes that are small of higher order gives

Aw, p: | aw,
= - B'——= ~ 4KhC (013)
Yoo l -p kh Woo

The 1last term on the right 1s negligible compared with the
firet term ainoe .O< < B g0 that, in firgt approxima~
tion ] )

Aw 1 ‘Exh

. An experimental estimate of K was obtalned as fol-
lows?! A pair of relatively thin platos (h = 0,0209 in,)
wag clamped in the fixture, The center deflection w, of
the plate was thon measured as a function of the normal
Pressure in a rango whoreo tho platc approximated a taut
mombrane f(w > 10 h, pormanent set at center greater
than 4h). The values of w, bhus obtained were substi-
tuted 4in (04) to estimate the membrane stress o, The
contraction in diameter 2a, - 2a . of the olamping ring

due to thlis memdbrane streas vas mesgured by a Tuckerman
etrain gage (T, fig, 10) with & 6~inch gage length, Sud-
stitutlion of tho measured values of . ag - a  and of o

in (05) gave six values of K ranging from 1.9 X 10”8 to
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2.2 X 10™® in./1b. An averago value K = 3 X 10~ ° in,/1D,
was aubstltuted in (014) to obtaln tho deviation indices
(Awo/'oo)o glven in tadle 3.

APPERDIX D

ETTREOT OF INITIAYL BOWING ON ORBNTRR DEFLEOTION
OF OIROULAR HEMBEANE

Let 1t bo assumed that a mombrane of radins a is
bowed into a spherlocal surface with contor deflection 1wy

at no load. The increase L in center deflection due %o

a normal pressure P 18 then approximately, 'according to
equation (Al3), . T

Vo = S ' (D1)

vhere ¢ 18 the tensile stress vorresponding to the siraln

¢ required to produce the center deflection w,. }yoord- '

ing to equation.(Al6) _
SH G RO ON Y

The stress corresponding to this strain wlll be

] (02)

vy
Wo

=

RBe 2 B 'o_a '1‘, )
CET TR TIT=w S [P tRT,) (23)
Bubstitution of equation (D5) in (D1) and solution for w,
glves ) ST L LT e
3(1 - p) pa* { T/
Yo = 8 ¥n

-

(D4)

X
1+ 3

Tho corresponding centor doflection wpoq £for an initially
flat mombrane would bo, with wy = O, e -

(1 - ) pat 1/3 . .
Voo = [ 3 3L ] (25)
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and the inorease in contor deoflootion due %o bowing is

Yoo Yoo - ( 3 Yo S 3w, (

Initial bowing ints a epherical surface causcs a docroaso
in conter deflection invorsoly propartional to the contoer
doflection duo to the load and dirootly proportional to
the 1nitial bowing at the center.

APPERDIX X
APPROXINATE RELATION BETWEEN OENTER DEXLECTION AND
PRBESSURE (FOLLOWING FUPPL'S PROCEDURE)

F8ppL (reference 9, p. 231) derived an npproximats re-
lation between center deflection and pressure for a sgquare
plate of medium thickness by assuming that the bending of
the plate was proportional to that given by Zirchhoff's .
theory whlle the extension was proportional to that for a
membrane, so that the total pressure p was the sum of—
the pressure p; resisted by bending and the pressure Dy

carriod by membrane action:
P = Py + Py (21)

Applying this procedurs to a oircular .plate gives for tho
deflection as & Kirchhoff plate (roferonce 65, p. 656):

d 8 Pp rayt )
'f‘_"ﬁr(i) (1 ~u®) (32)

The center deflection for a circular membrane 1s, according
to Hencky (reference 6), for K = 0,3,

w
%% - 0.6632 / 22 (83)
n Eh

Solving equationg (23) and (E3) for py and pg, Trespec-
tively, and substituting in (X1) leads to the desired re~
lotionst
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) 1112 + 0,688 C’To_)a N 1_55';('%)4..(1'." w®) - (34

. Natlonal Buroan of Stendards, ’ - =

1.

2.

4.

b.

6.

7.

Weshington, D. 0., Octodbor 10, 1941.
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BANE .- BUMMARY OF NORMAT-PREBSUNE ¥RST OF RIGIDLY CLAMPED OTIROULJAR PLATES 5 INCHES IN DIANEYER

@ye "o ofoK TEOTUNOeL VOVE

[ Senaiie yleld strangth | ssure_for
Thiockness, o | vy yield| dismster dlame ter
Material | Plase dismeter | dismeter
(a.) (mﬁ"w) (cisa/m 1n)|clpa/m 1a0)| caB7en ey | 500 200
. - (1b/sq in,)| (1b/sq in.
R® alolsd A ogﬁ mﬁ 62. ﬁ.o E ' 1
[ten ey | 2 3 % 3 % | B
W AN AN Ak 1
178- o r'} o
larvsinem slloy | . ﬂ: i |
; - E. ol 0
i | 0, 3 2
N 1 | . 10, 2 -ﬁ )
el | § | 88| B B | 43 | 2 | B | B
Alumimm allof | o 0250 10,500 %5 3.2 5 18
ooy | 8| BE | 1820 %4 563 = 25 X
A 0199 | ®28,000 277 161.0 33.0 3.0 38,0
8 011 6,100 25.7 25.§ 2 2 - 31
::mm-;—:arzommtgﬂ:lmﬂmmMIWMhu-n that for




TANE @I~ INDIOES YOR DEVIATION PROX IDRAL RIGID CLANPING ™ *

Relative increass in ocanter dsflectlon
Kirohhoff E:h wo/h<<1 Nesbrane wy/h)J1
Plate|™ickness, | Initial tension,| Rotation of odgouir Radial contrection | Initial deflestion
( 1: , oqul“'tionoh (:;.n) “:/!.:h ga) of elllpinatm (;:I.ng) s | por wmit thickmess,
‘ oo’A B v
lirfogly | opmi
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B .0 - .m [ ) Lol ]
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D o 13 «0000 +0076 «001
’ ] -001 -ONO ] -o&
' L] -.05 om . -
ﬂ' [ ] -.02 .WOO [ b ]
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I oo w .‘o om .00 1 a
J .msrf a~e om . [] e
! .0211 -.& om [ ] [ ]
Il ] a .m -0000 .0065 "'oml
' § <0 .20 +0000 +00 ~-450
¥ | ‘ozap L ~0000 .oo% -
o | .0150 %50 -0000 .0015 -.500
[}

P [ - Cm . 1 -
‘ ‘% ‘-lﬂ om -00 o%
R | .0199 *_ 48 .0000 0057 136
s | .am ¢0 .0000 +0026 .083

Sprom comparisan with Way at low pressures.
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Fiqure 3.~ Tensite stress-strain curves
178RT aluminum alloy _
used in plotes £ 5 Land J

Stress, Kjps/iF
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_LQ
:
T

Froure 4- 7ensite stress-strain curves
17ST aluminum olloy

used /n plates L, M N and
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Figs. 3,4



NAOA Teohaioal Eote No.B848 Pigs. 5,8
Frgure &-7ensile Stress-strain curves -
4 ST aluminum alloy
wsad In plates Ford @
, | -
* o1 . _._’-o——"'
$ o =
';\ rd
h 0 —
3 <
ZS 20 A Lvrection of relling
Ph-m./{ﬁ'dnﬂﬁ'n. o ¢ ctinal
! s Tronsiwrse CTC - —
/0 _ nwree )
Nrdinv4n | |
—-| 0.00] ‘o ] . . .. . .
Straln
20 | I y 1
Figure 6.~ Tensil/e stress- o
80— strain curve T
/8:8 Stainkess stee/ useqd i R _,-A
0 - L -
NQ A0
P %
.s 100 Wa ;hwh
R Vi
g o Y
5 4 |
// . Direction of relling .
£0 O Longtludine/
o Trunsveree
m‘
2 agor -

l

Stro/n



NAGA Technical Nose Xo.848

Figure 7-Tensile stress-straln cwve of
EH magnesium alloy
wsed In plafe S
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Figure 9.- Top view of plate fixlmre



Mg. 10

NACA Technleal Note No. 848

Figure 10.- Measurement of elastic constants of plate fixture.
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Figure 1ll.- Plate fixture, pump, ard pressure gages.



Figure 12.- Measuremsnt of daflection of plate.
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Figure /3.~ Charge in shape of deffection curve with
pressure /n lhe elasflc range
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Figs. 15,18
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F/gure /7.~ Mormal poressure fest of
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Frqure 22-Observed slrain on plote M
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Figs. 84,88
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Figs. 28,87
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